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RADIATOR DESIGN

By M. J. Brevoort
- SUUMARY

A design chart in coefficlent form 1s presented from
which a radiator can be ckosen with any desired charac-
terlestics, whother for minimum power, particular dimen-
sions, or pressure drop for cooling, Tae chart 1s a con-
venlent tool for selecting a practlcedlo radilator for any
given sot of operating conditions, Bocauso the flow is
turbulont in tho tuvos, tho chart is for turdulent-flow
condlitions, '

I¥TRODUCTION

For the past few years tie NACA has been meking a
study of tke heat-transfer problem as related to radlators
and lnterccolers, The oxietlng information oan heat trans-
foer and theo results of toste for an analysis of tho roadi-
ator problem, conductcd by tho FACA £t Largleoy Fiecld, Va,,
ara given in rofcrounco 1, which also prosorts ar oxtonsive
bivliography of tho literanture on the sudbject. In rofor-
caco 1 the opitimum redlator was selected for a design
presstre drop. t was shown furtner that, as the pressure
difference acroass the radiator is lowered, the power for
cooling i3 reiuced,.

Slnce refcrenco 1 was prenered, thoe study of tho radi-
ator provblem has beon continued, A4z unpublishod analysls
made at tho Laboratory showed that an optimum volume ex-
1ats for a glven set of design conditions, which is con-
stant 1n the vnrectical range of pressure drops and mess
flow of cooling alr., IXquations determining the radiator
were developed in an unpublished work and the design chart
prosonted 1n this papor was proparsed by usc of those oqua-
tions,

SYKBOLS

A open frontal aroa of rediator, sguare feet

0 o constant representing the power roqulred to carry
unlt opon radlator volumo

I'd GD )
C = ¢ p. ¥
e=cgdev,
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dimenaionless corstant {0.0247)
dimensiozless constant (0.049 = 201)

spaclilc heat 2% cozstant pressure, Fitu per pound
per degyrseg Fahrenhelt

drag coefricient of the alrplane

1ift coefflclent of the nlrplane

hwvdraulic dinmoter of radintor tuvo, rect
acceleratior sf gravity, feet per sccond per secoxd
total hoat dissimation of radiator, Btu per socozd

20, O p Vo™
De8

€ 353 pr D Ry

€ Op Py & cp(Tw ~ Typ)
Cr, Vo

= bt
Oh

tuvo lea,th, feot
nase flow of coolin, air

progssuro diffsrczce ncrocs redlator excludlizng srd
locses, pourds per squnre foot

total power chargonble to radinstor
drnanic prossure (% p Vi®)

volune of coolizy alr, cudlcec foet por secozd

. : ; Vip
Rerrolds nunber iz tube —T:—

=R-Y-9-=__9_E

tube-wall temmercturo

T3, temperature of nir at ertrance, op
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To temperature of cooling alr at outlet

v open volume of the radlator, feet (v = AL)

Vo alrplane speed, feet per seacond

Vi average veloclty of alr in radlator tube

€ dlmenglonless factor by which raillator welght 1is
rultizlied to account for additionel alrplane
structure required

P alr density, slu,s Der cudlec foot

1) coefriclent of viscosity, slugs per foot per second

Pr denglir of radliator based on open volunme, Jounds
ver cublc foot

ANALYSIS OF PROBLEN

Goneral Analysis

Throe equationg determine the rodiator:

Pp = Ap Vi A + CAL ) (1)
—0qa2

H =p vt 'A't':a cP(TwTTj_a) (1 - 9_4013 L/D) (2)

Ap = 20, p-vta R™°? 1/D (3)

Equation (1) gives the total power used. by the radiator

ags a sum of the nower requirsed to push the cooling alr
tarough the radiator and the power required to carry the
rodlator. The total :eat transfer to the cooling alr in
terms of the mass flow and the temperature rise of cooling
air 18 civen by equation (2). =ZEquation (3) expresses

the pressure drop of the cooling ailr walle passing through
the radiator in terms of the alr flow, the Reynolds num-
ber, and the ratio of tho lerngth to the dlameter of the
tubse.

From equations (1), (2), and (3) the following func-
tiona used in making Ffi_ure 1 were developed:




ap' + (& - 15% log (1 - -—92:-—) (4)
ks
Ap' = (3_) rlog (1 - —T ]a (5)
5i7 :
' Apt
N
| <A'An

Tho vrimes
rolstions.
trin torms

uscd in thoeso cg
The fcllowin, o

in ths equationsa:

uvations refor to the functional
xprossions defline further cer-

5
v' = vE, X (7)
B
x?
Ap' = &p —2— (8)
P Vo
B
.7 K
P! = Pp - 28 9
p 22 (9)
.9
K,** X5 R0°2 D
A' = A 2 89 10
50, (10)
K, ¥, B.°*2 D
20, ¥,
.Desi,xz Chart
Equations (4), (5), ard (6), respectively, determine

the corntour- lines of P!, Q

!, and A!'! that are vlotted in
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‘" Tlgure 1 on.-the cooréinates of Ap'! and v'!. If the

probler is to select the radiator tast will adaorb the
least power for an available »ressure dro» across the radi-
ator, tas ilne of loast power is showz on the chart, drawn
through tae vertical tengent voints of the P! curves. )
It should be roted that the v! values given by thls line
var;y only; from 1.30 to 1.50 over the eatire range of Ap!?,
whlch indicates the possibpility of a radiator of constant
volune regardless of the pressure drop.

dlzivum pvower in not always tas rost important consid-
cration in tho celection of a radlator. Whoen other detor-
miniz, factors suci ag Frozntal ~rea, volume, or mags flow
ero to bo consldercd, it willi be zoacessar” to chooso pol=zts
rot in tie wisimum power lipe. It anr cacsoe, a radintor
can bu cacscn from the ehart for any set of coxnditions, and
t2e cost ir parformarce o? the conmpronisos made ean de ox-
rctly detormi-ca,

If t2e volume oX cooliing alr is used as a critarlon
for vicking a redlator, the radlator would b0 larger a=d
would roqguire a smaller pressure drop. The Q' curves ic-
terseet the P! curTsg avovo and to tihc ielt of tho apox
of *+he P' curves. The A' curves iatcrsoct tho P!
curvos 2% almoat thn aame wnlace as the constant AP!
curvos, that i+, o2 tro ~pex or the P! curvon.

T>> usec 97 surl & eaart ig extrcrmel- sinnle. Supposo
tae vressurc dren» Tor coolir; Yy Xkxrzown, *iher AP! cen do
corputod fro= relasion (3). Tze chart gives the value of
v, F', A' ari Q!. Tho volunme czn be computcd from ro-
lation (7), ths rower fror relatioz (9), the frontal aren
fron relation (iC), and +he wvolune of coolln, nir fronm ro-
latior (11). Taec charactoristics and tao ncrforoance of
tho alrplaro, the altitudo, and the heat dissipotion aro
all ircecluded 1a the constants K, axd Kj.

The chart (fig. 1) is the gensrel solution of equa-
tione (1), (2), and (Z). Equation (1) is straightforward,
bein,, subject to no limitations within i%tself. In equa-
tion (2) the aspumptions have beer made that Tw is &
constant ard that the Reynolds snalozy holds. The first
assumption causes no appreciabie error in selegtling an
alrcraft raodigtor.

The second assumption ig true wvith turdulent flow waen
the pressure drop is due to skir rriction aloze. In equa-
tion (3) an anzclytical oxpression is used for the pressure



drop. Thins cquation has tocn found tec be truo.for long,
stralght tubes it waich all the pressuro loss wlth turdu-
lent flow 1s due to skin friction and the entrance eifect
is small. Tubes having an L/D ratio iess than 150 show
a deviation from thie formula dbut the deviation 1s not in-
portant for a ratio of L/D greater than 40. Equation (3)
does rnot include the exit effect. The exit elfect 1s a
emall preasure drop proportional to g end mar be ln-

cluded just as lo,ically with the duct losses as with tho
radlator presrure drep.

Equationa (1), (2), and (3) are tac same equations
uged irp refervnce 1. Thus tae chart vased on these ccua-
tione wlil make it possidble to seloct a radiator wiih the
geame accurccy but with corsidoradly less effort than was
requlred in referanee 1. Thls ciaart civzs =211 the possibdle
solutions and presonts them as a unit. The entlre rraly-
sls aesunmes turtulont flnw. In e2ll practlcadvle cases tae
Tlow wili be vurtulent.

Thg chart apnlies only to tis cold rediator. TWkhen
the averni,c veliccity and the unpropriete Rornolds rumber
in the heatsd ense nre uscd, hewewvor, the results will bo
carrecct if Ap 1s incrorsod by the axourt of increcse l1lrn
momnentum of the coolin, ~2ir pnasslag tarough the radistor.
Tho samc netlhnd was used in rcfercnce 1, Thus, with two
or, &t moet, thres trial nroisurn drops p radiator that
aas the deelrcd Ap  for the heated case, and that ner in-
clude evun %ac cxit loss, can Yo seciascted.

SELECTION OF RADIATOR

Cbviously many congiderations, wxzick must be declded
Pefore procoeding to the chart, ontur into the selection
of a radiator. Among the factors to be comsidcrod is the
altlitude. Ordinarily, tihe moat difricult cooling cose 1a
at tko criticel altitude. n ordecr to ackleve maxinunm
speed, 1t 13 derirnrnble tc decign *he radiator for thls cor-
ditior. If tho rnldictor is caoscexn for crulsirg coxnditlon
at the critienl pltitudo, aowever, the case orf full power
ellrd ot the critical aititude mast do investlgated to dc-
ternine vwhotlhor the avnileblo pressurce drop ls adequznte
for coolirg. The dirponeiora of tho radiastor rust also Dde
considecred. It le requircd tact the radintor it lirto tho
alrplaze with o nlzimunm of ofrortv and oxpense. Ia nary
cascs thoe dimonsions of the radiator aro of almost cqual
ioportnznce with »nowver ~nd preasurc drop.

I
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In the firal analysis, tho golection of a radlator
roprogente eo nary corpronises that 1t wyould oo futile to

lay down definlite rules for picking a radiator.

can o hoped for 1s o cleor pieture of tho provlen.
this connoction, 1t is of irterest to choose a radiator
for r tlvor set of doslgn coanditlons.

Eont dlssipation, H - - - horscpower -~ = = -~ - - -
Airplnane svpood, Vo — - - --zlles por hour - - - - -
Critienl nltitude - - - - foot = - - = < - - < - -
CL/GD . m m e e e e e m e e e e e m e = e mm e = oa
Rodiator tude diametor, D foot ~ - - = = - - - - =
Etayleze Jircol-water,

Te = T4qg -~ = == = = = - I
Ap for cocliag - - -~ - - 1mounds vpor squarc. foct -
Dezaityr, p, - - - - - - voundg per cudlc fort -
€ = = = = e e m e e e e m e = a

Tac followln,
Tor nirirus vnowecr:

2 x_0.049 x 14 x 0.001055 x_(588) " _

22.5

K1= 1
1.5 x 90 x J% X 8
Kq =- 1.5 X 90 x 32,2 X 0.24 X 230 - 0.0828

l4 x E83 x 352

Ant = 30 X
® 35686
From the chart
v! = 1.375 At
Q" = 1.95 I
The open volume of thc radictor
1,375

= 9732 x 0.828

= 1-92
= 2.83

= 1,80 cuvlic feet

All that

In

- 500
- 400

25,000

14.0

1/48

- 230

- - 30
- - 90

- 1.5

stepo ~re used 1z egoloeting a radlator



ond tke actual volume equals 2,70 cudbic feet.

¢ = 2x9.0:9x588x48x1.25 - 533 cublc Feet per second
22.8x0.0828x3

The oven frontal arem of the radiator

= 192 x 2 x 0.049 X 43
7.4 X 0.C&28 x 8

= 1.85 square feet

and the actual frontal area egquals 2.77 square feet.

2.83 X Eg50
9.24 X 0.628 x E50

= 533.0 horsevower

Pt=

30

Ap
L = 12 inches

£, = 12.5 nounds per second

c
H 500 x 0.707 0

T - = = = 118% F

o le da e 12.5 x 0.24

Vi = § = %%%E = 196 feet p2r secord

qt = 20.4 nounds »er squars foot

4 momertun losa of 2.6 »ourds »er square Foot and an
exit Ioss (0,2 qt) or .1 pourdc por square foct muat be
edded to tke .lvex pressure dro» of 30 pounds per sqguare
foov. Heatln, she 2ir couscs = lower donsity and a hi her
veloeitr, walcea reailte 1iu ur incroasgo in momeatum, thet
le,

Zo = T 2 /118
P V2 T;iig> = 0.202085 x (198) (5g) = 9.6
aQ %o

vounds per squaro foot. Thus, the cver-all Ap across

the rodlator is approximately 4+ vounds per squnare root
inetoad of 30, ac deczirod. ©his ircronsc in Ap irncroases
the mnover rcqguired.

A second triel mayry bo mndo, ueing o Ap of 20 »nounds



Per sguare foot, nad a very closc approximntion will bo
mado to ﬁhg“des%gn chclien of Ap = 30 pourds per squaro

T T footb. T
Ap?! = 22X 9.24 . o .504
285
N\
SF Fron tas chart
[3a |
! = 1.575
Q! = 2.4
Al = 2-45
Pt = 2,556

Thc opea -olumc of %he radiator

1L.775

) 9.24 x 0.328 1.80 cublc feoct

a2nd tac actual vnl-ume is 2.70 cuble feoot.
Q = 4335 cudic funt per rocoand
Tao cpee “roztrl wrea of tho oniinior
A = 2,35 gyganre Zoct
Py = SeE4d Tort petu~l froatnl aron = 54.2 horsopowor
Ap = 2C

= 9,1 Znchee

3} |
I

nauands »2r socond
’ [v]
T, - Tia) = 95%Y T

‘Tt = éﬁ-—

2.2

189 fcat Dusr second

a
gt = % (0.001085) x (189)" = 19.0 pounds por square font

Ap due to moncatum dra, = 38.0 X 35 = 7.0 pounds per

gqunre Toot 495.

Alp due to oxit drng = 19 x 0.2 = 3.8 pounds per squarc foot
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Tac »rodblenr of chooslrg thc rndlzator for 2 glven in-
stnllction often bocomce tho prodlom of doclding which
radlcotor of soveral ie most suitabdle. In sueh o casec, o
tadle of rndintor dimcnsions, luneluding Py, Ap, ~nd ULg,
should vo mndo up, ~nd tane radintor should bo canson thot
most noarly spvrocches thc optimum or thnt has some cacr-
ncturistic whish makoeg it espucinlly desiradle.

Lagzglov Ucrorial Acromauticnl Loboratory,
Iationnl Advligory Conzittcc for Aororautics,
Langlev Flolda, Voo

l. 3rovoort, iH. J., a2d Leifor, 4.t Radl~tor Doeign and
Instnll~ation, TACA confidextial reoport, 1959,
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